Background of the Invention 
The fabrication of large structures may involve the performance of a large number of 
manufacturing operations on the structure, such as the drilling of a large number of holes. 
Conventional structures that require a large number of manufacturing operations include, for 
5 example, aircraft, missiles, ships, railcars, sheet metal buildings, and other similar structures. 
In particular, conventional aircraft fabrication processes typically involve the drilling of a 
large number of holes in wing sections of the aircraft to allow these sections to be attached to 
each other and to the airframe. 

A variety of devices have been developed to facilitate drilling operations involving 

10 the drilling of a large number of holes. For example, U.S. Patent No. 4,850,763 issued to 
Jack et al discloses a drilling system that includes a pair of rails temporarily attached to an 
aircraft fuselage. A support carriage is slideably coupled to the rails and supports a drill 
assembly. A template attached to the aircraft fuselage provides an indication of the desired 
locations of the holes that are to be formed in the aircraft fuselage. As the carriage is moved 

15 along the rails, a locking mechanism (or trigger) interacts with the template to securely 
position the carriage for a subsequent drilling operation. 

Although desirable results have been achieved using such prior art systems, there may 
be room for improvement. For example, prior art manufacturing tools may be undesirably 
heavy, particularly pneumatically-driven tools and other tools assembled from conventional 

20 components having individual housings and support bearings. Furthermore, at least some 
conventional pneumatically-driven tools do not provide precise controllability for performing 
manufacturing operations. Some pneumatic drill assemblies, for example, do not allow 
precise control of drill feed rate or rotational speed. Therefore, a need exists for an improved 
manufacturing apparatus that reduces weight and provides improved controllability for 

25 performing manufacturing operations on a workpiece. 



Summary of the Invention 
The present invention is directed to apparatus and methods for servo-controlled track 
drilling operations. Apparatus and methods in accordance with the present invention may 
30 advantageously improve the accuracy, efficiency, and throughput of manufacturing 
operations on a workpiece. 

In one embodiment, an apparatus for performing a manufacturing operation on a 
workpiece includes a base member, a drive platform spaced apart from the base member by a 
separation distance, and a plurality of guide members extending between the drive platform 
35 and the base member. At least one of the drive platform and the base member are moveable 
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along the guide members to increase or decrease the separation distance. The apparatus also 
includes a drive member operatively coupled between the drive platform and the base 
member, and a servo motor operatively coupled to the drive member. As the servo motor 
drives the drive member, the separation distance is varied. In an alternate embodiment, a 
5 manufacturing tool may be coupled to at least one of the drive platform and the base 
member, and as the motor drives the drive member, the manufacturing tool is engaged with 
the workpiece. 



Brief Description of the Drawings 

10 The preferred and alternative embodiments of the present invention are described in 

detail below with reference to the following drawings. 

FIGURE 1 is an upper isometric view of a manufacturing assembly having a servo- 
controlled tool assembly in accordance with an embodiment of the invention; 

FIGURE 2 is an enlarged, partial isometric view of a track assembly and a carriage 
1 5 assembly of the manufacturing assembly of FIGURE 1 ; 

FIGURE 3 is a lower, partial isometric view of the track and carriage assemblies of 
FIGURE 2; 

FIGURE 4 is an enlarged, front elevational view of a servo-controlled tool assembly 
of the manufacturing assembly of FIGURE 1; 
20 FIGURE 5 is a partially-exposed top elevational view of the servo-controlled tool 

assembly of FIGURE 4; and 

FIGURE 6 is a side elevational view of the servo-controlled tool assembly of 
FIGURE 4. 



25 Detailed Description of the Invention 

The present invention relates to apparatus and methods for servo-controlled 
manufacturing operations, and more specifically, to servo-controlled track drilling 
operations. Many specific details of certain embodiments of the invention are set forth in the 
following description and in FIGURES 1-6 to provide a thorough understanding of such 
30 embodiments. One skilled in the art, however, will understand that the present invention 
may have additional embodiments, or that the present invention may be practiced without 
several of the details described in the following description. 

FIGURE 1 is an upper isometric view of a manufacturing assembly 100 having a 
servo-controlled tool assembly 150 in accordance with an embodiment of the invention. In 
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this embodiment, the manufacturing assembly 100 includes a track assembly 110 
controllably attachable to a workpiece 20, and a carriage assembly 120 moveably coupled to 
the track assembly 110. A controller 130 is mounted on the carriage assembly and is 
operatively coupled to the servo-controlled tool assembly 150 and to the carriage assembly 
5 120. As described more fully below, the manufacturing assembly 100 having the servo- 
controlled tool assembly 150 may advantageously improve the accuracy and efficiency of 
manufacturing operations performed on the workpiece 24. 

As further shown in FIGURE 1, in this embodiment, the track assembly 110 includes 
first and second flexible rails 22, 24, each rail 22, 24 being equipped with a plurality of 

10 vacuum cup assemblies 14. The vacuum cup assemblies 14 are fluidly coupled to one or 
more vacuum lines 16 leading to a vacuum source 18, such as a vacuum pump or the like, 
such that vacuum may be controllably applied to the vacuum cup assemblies 14 to secure the 
track assembly 110 to a workpiece 20. The vacuum cup assemblies 14 are of known 
construction and may be of the type disclosed, for example, in U.S. Patent No. 6,467,385 Bl 

15 issued to Buttrick et aL 9 or U.S. Patent No. 6,210,084 Bl issued to Banks et al In alternate 
embodiments, the vacuum cup assemblies 14 may be replaced with other types of attachment 
assemblies, including magnetic attachment assemblies, bolts or other threaded attachment 
members, or any other suitable attachment assemblies. 

The rails 22, 24 preferably have a width substantially greater than their thickness such 

20 that they are substantially stiffer in bending about an axis that extends in the thickness 
direction (parallel to the z-axis in FIGURE 1) than they are about an axis that extends in the 
width direction (parallel to the y-axis in FIGURE 1). The rails 22, 24 are oriented 
approximately parallel to each other, although the lateral spacing between the rails 22, 24 can 
vary when the rails 22, 24 are mounted on a compound-contoured workpiece surface. 

25 Preferably, the rails 22, 24 are rigidly affixed to each other at only one end by a connecting 
member 28a, which fixes the lateral spacing between the rails at that end. At other locations 
along the rails 22, 24, the spacing between the rails 22, 24 can vary as noted. There can be 
another connecting member 28b at the opposite end of the rails 22, 24, but this connecting 
member 28b may provide a "floating" connection that allows the spacing between the rails 

30 22, 24 to adjust as needed depending on the contour of the workpiece 20 surface. 

The widths of the rails 22, 24 extend substantially parallel to the surface of the 
workpiece 20 when the vacuum cup assemblies 14 are attached to the workpiece surface 102. 
Because the rails 22, 24 may bend relatively easily about the widthwise directions and to 
twist about their longitudinal axes, the rails 22, 24 may flex and twist as needed to 

35 substantially follow the surface of the workpiece 20 and the vacuum cup assemblies 14 
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maintain each rail at a substantially constant distance from the surface of the workpiece 20. 
In this manner, the major surfaces of the rails 22, 24 may be substantially perpendicular to 
the surface normal of the workpiece 20 at any point along each rail. 

FIGURES 2 and 3 are enlarged, partial upper and lower isometric views, respectively, 
5 of a track assembly 110 and a carriage assembly 120 of the manufacturing assembly 100 of 
FIGURE 1. As best shown in FIGURE 2, the carriage assembly 120 may translate along the 
rails 22, 24 by virtue of rollers 32 that are mounted on an x-axis carriage 30 of the carriage 
assembly 120 and engaged with the rails 22, 24. The x-axis carriage 30 of the carriage 
assembly 120 in the illustrated embodiment comprises a plate- shaped member. The rollers 

10 32 are mounted along each of the opposite side edges of the x-axis carriage 30. More 
particularly, spring plates 34 and 36 (best shown in FIGURE 3) are attached to the x-axis 
carriage 30 adjacent to a lower surface thereof at each of the opposite side edges of the x-axis 
carriage 30. The spring plates 34, 36 are affixed to the x-axis carriage 30 at locations 37 
(FIGURE 3) spaced inwardly from the opposite ends of the spring plates 34, 36, such that 

15 each spring plate has two opposite end portions that are cantilevered from the x-axis carriage 
30. The rollers 32 are mounted on these cantilevered end portions of the spring plates 34, 
36. There are two opposing rollers 32 mounted on each cantilevered end portion of each of 
the spring plates 34, 36. Each rail 22, 24 is received between the opposing rollers 32. The 
rails 22, 24 preferably have V-shaped edges engaged by the rollers 32, and the rollers 32 are 

20 V-groove rollers having V-shaped grooves that receive the V-shaped edges of the rails 22, 
24. The rollers 32 thus prevent relative movement between the rollers 32 and rails 22, 24 in 
the direction along the rotational axes of the rollers 32, which axes are substantially normal 
to the workpiece surface 102. 

The spring plates 34, 36 on which the rollers 32 are mounted may flex and twist as 

25 needed (i.e. as dictated by the contour of the workpiece surface 102 as the carriage assembly 
120 traverses the rails 22, 24) to allow a limited degree of relative movement to occur 
between the x-axis carriage 30 and the rollers 32. This is facilitated by making the spring 
plates 34, 36 relatively narrow at their middles and wider at their ends, so that the plates 34, 
36 preferentially bend and twist at approximately the middle rather than at the ends where the 

30 rollers 32 are mounted. Thus, a limited degree of relative movement can occur between the 
x-axis carriage 30 and the rails 22, 24. The net result is that the x-axis carriage 30 enables 
the carriage assembly 120 to traverse the rails 22, 24 along the x-axis (i.e. the axis parallel to 
the length direction of the rails 22, 24) even though the rails 22, 24 may be bending and 
twisting in somewhat different ways relative to each other. In effect, the rails 22, 24 conform 

35 to the contour of the workpiece 20 and thus, the thickness direction of the rails 22, 24 is 
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approximately normal to the surface of the workpiece 20 at any point along the path defined 
by the rails 22, 24. Consequently, a reference axis of the carriage assembly 120 (in the 
illustrated embodiment, a z-axis normal to the plane of the x-axis carriage 30) is maintained 
substantially normal to the workpiece 20 at any position of the carriage assembly 120 along 
the rails 22, 24. 

As best shown in FIGURES 1 and 2, a rack 38 for a rack and pinion arrangement is 
mounted along the surface of the rail 24 that faces the spring plate 36, and the carriage 
assembly 120 includes a first motor 40 and associated gearbox 42 mounted on the spring 
plate 36. An output shaft from the gearbox 42 has a pinion gear 44 mounted thereon, and the 
spring plate 36 includes a window 46 (FIGURE 2) that the pinion gear 44 extends through to 
engage the rack 38 on the rail 24. Thus, rotation of the pinion gear 44 by the first motor 40 
drives the carriage assembly 120 along the rails 22, 24. It may be appreciated that the rail 24 
having the rack 38 comprises a reference rail relative to which the x-axis positioning of the 
carriage assembly 120 may be performed. No attempt is necessary to determine or control 
the x-axis positioning of the carriage assembly 120 relative to the other rail 22. 

To improve accuracy of the x-axis position of the carriage assembly 120, the pinion 
gear 44 may have a constant height relative to the rack 38 at any point along the reference 
rail 24. To accomplish this height control, the rotation axis of the pinion gear 44 may 
preferably lie in the same plane as that defined by the rotational axes of the two rollers 32 
mounted on the end of the spring plate 36. More particularly, the axes of the rollers 32 may 
be substantially parallel to each other and substantially normal to the workpiece surface 102, 
and the axis of the pinion gear 44 may be substantially parallel to the workpiece surface 102 
and may lie in the plane of the roller axes. 

As further shown in FIGURES 1-3, the carriage assembly 120 further includes a y- 
axis carriage 50 slideably mounted atop the x-axis carriage 30 so that the y-axis carriage 50 
can slide back and forth along a y-axis direction perpendicular to the x-axis direction. More 
particularly, rails 52, 54 are affixed to the opposite edges of the x-axis carriage 30, and 
rollers 56 are mounted on the y-axis carriage 50 for engaging the rails 52, 54. A rack 58 for a 
rack and pinion arrangement is affixed to the x-axis carriage 30 along the edge thereof 
adjacent to the rail 54 (see FIGURE 3). A second motor 60 and associated second gearbox 
62 are mounted on a plate 64 that is affixed to the y-axis carriage 50 adjacent to the rack 58. 
The plate 64 includes a window therethrough, and the output shaft of the second gearbox 62 
extends through the window and drives a pinion gear 66 that engages the rack 58. Thus, 
rotation of the pinion gear 66 by the second motor 60 drives the second base member along 
the rails 52, 54 in the y-axis direction. 
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In operation, the manufacturing assembly 100 may be mounted onto the workpiece 20 
and vacuum may be provided to the vacuum assemblies 14, thereby securing the track 
assembly 1 10 to the workpiece 20 in a desired position. The carriage assembly 120 may then 
be moved to a desired position along the track assembly 110. The controller 130 may 
5 transmit control signals to the first drive motor 40, rotating the first drive gear 44 which 
engages with the rack 38 to drive the carriage assembly 120 along the track assembly 110. 
Similarly, the controller 130 may transmit control signals to the second drive motor 60 to 
adjust the position of the y-axis carriage 50 relative to the x-axis carriage 30. Additional 
operations of the manufacturing assembly 100 are described below. 

10 As further shown in FIGURE 1, mounted atop the y-axis carriage 50 is a clamp ring 

assembly 70. The clamp ring assembly 70 supports and secures the servo-controlled tool 
assembly 150. The tool assembly 150 may be extended through a window in the y-axis 
carriage 50 (visible in FIGURE 2), and through a window in the x-axis carriage 30 (visible in 
FIGURE 3) that is elongated in the y-axis direction. The axis of the tool assembly 150 may 

15 be approximately parallel to the z-axis, and thus may be substantially normal to the 
workpiece 20. The tool assembly 150 may be coupled to the controller 130 via a command 
link 152 for controlling manufacturing operations on the workpiece 20. 

It may be appreciated that the various operations of the manufacturing assembly 100 
may be controlled by the controller 130, including the positioning of the carriage assembly 

20 120 on the track assembly 110, and the positioning and engagement of the servo-controlled 
tool assembly 150 with respect to the workpiece 20. These operations may be accomplished 
in an automated or semi-automated manner using the controller 134 equipped with 
computerized numerically-controlled (CNC) methods and algorithms. Alternately, the 
positioning may be performed manually or partially-manually by an operator, such as, for 

25 example, by having the operator provide manual control inputs to the controller 134, or by 
temporarily disabling or neutralizing the above-referenced motors and actuators of the 
carriage and clamp-up assemblies 120, 160 to permit manual movement. 

In a particular aspect, the controller 130 includes an entire CNC control system. For 
example, in one particular embodiment, the controller 130 includes an 8-axis servo- 

30 controller, and a plurality of servo-amplifiers, servo-motors, and air solenoids. Because the 
controller 130 is attached directly to the carriage assembly 120 (e.g. to the y-axis carriage 
50), the controller 130 travels with the carriage assembly 120 during the performance 
manufacturing operations. Thus, the links or cables between the controller 130 and the other 
components of the manufacturing assembly 100 for transmitting control signals to (and 

35 receiving feedback signals from) the drive motors 40, 60 of the carriage assembly 120, the 
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position sensor assembly 140, the tool assembly 150, and any other components of the 
manufacturing assembly, are greatly reduced or eliminated. A controller umbilical 132 
(FIGURE 1) may provide control air, electrical power, and communication cables from a 
supply unit 134 to the controller 130. 
5 FIGURE 4 is an enlarged, front elevational view of the servo-controlled tool 

assembly 150 of the manufacturing assembly 100 of FIGURE 1. FIGURES 5 and 6 are 
exposed top and side elevational views, respectively, of the servo-controlled tool assembly 
150 of FIGURE 4. In this embodiment, the tool assembly 150 includes a drill spindle 
module 152 and a drive unit (or feed unit) 154. The drill spindle module 152 includes a 

10 centrally-disposed motor shaft 156 having armature windings 158 (FIGURE 5) disposed 
thereon. The motor shaft 156 includes a drill holding collet 162 that holds a drill member 
160 that may be engaged with the workpiece 20. 

The motor shaft 156 further includes a lubrication reservoir 155 positioned at the 
upper end of the motor shaft 156 and a lubrication channel 157 (FIGURE 4) extending 

15 longitudinally through the length of the motor shaft 156 from the lubrication reservoir 155 to 
the drill member 160 to enable lubricant to be applied through the shaft 156 to the drill 
member 160. A pilot bushing 163 extends downwardly about the drill member 160 and 
securely engages against the workpiece 20 during a manufacturing operation. A spindle 
motor housing 164 having a plurality of air cooling ports 165 is disposed about the motor 

20 shaft 156, and a field assembly 166 (FIGURE 5) is positioned within the motor housing 164 
and proximate to the armature windings 158 of the motor shaft 156. The field assembly 166 
may include one or more rare earth permanent magnets that, in combination with the 
armature windings 158, provide a lightweight brushless motor. A top cover 169 (removed in 
the partially-exposed view in FIGURE 5) covers the upper portion of the spindle motor 

25 housing 164. As further shown in FIGURE 5, a drill speed encoder 168 is mounted on the 
motor shaft 156. 

With continued reference to FIGURES 4-6, the drive unit 154 of the tool assembly 
150 includes a base member 170 slideably coupled to a drive platform 172 by four 
circumferentially-spaced guide rods 174. In this embodiment, the drive platform 172 is 
30 coupled to the drill spindle module 152 while the base member 170 is coupled to the carriage 
assembly 120. The motor shaft 156 of the drill spindle module 152 is rotatably mounted 
through the base member 170 and the drive platform 172 by a rotary bearing 171. Although 
the motor housing 164 (and field assembly 166) are shown in the accompanying figures as 
being coupled to the drive platform 172, in alternate embodiments, the motor housing 164 



- 8 - Black Lowe & Graham F 



^ - - BING-M006AP , * 

9 S ^ 1 ^ 816 Second Avenue 

U ^ X U s d Washington 98104 

PATENT TRADEMARK office 206.381.3300 . F= 206.381 3301 



10 



15 



20 



25 



30 



may be coupled to the base member 170, or to both the base member and the drive platform 



As best shown in FIGURE 4, the drive unit (or feed unit) 154 includes two ball 
screws 176 that extend between the base member 170 and the drive platform 172. A servo 
motor 178 is mounted to the drive platform 172 and is coupled to each of the ball screws 176 
by a drive belt 180 (FIGURE 6). As shown in FIGURE 5, the drive belts 180 are engaged 
over a plurality of belt tensioners 182 that help to maintain positive engagement of the drive 
belts 180 with the ball screws 176. The servo motor 178 and the drill spindle module 152, 
including the drill speed encoder 168, are operatively coupled to the controller 130. 

hi operation, the carriage assembly 120 is positioned in a desired location over the 
workpiece 20 in the manner described above. The drive unit 154 of the tool assembly 150 
may then be activated by the controller 130, causing the servo motor 178 to drive the ball 
screws 176, propelling the drive platform 172 toward the base member 170, and thus, driving 
the drill spindle module 152 toward the workpiece 20 and engaging the pilot bushing 163 
with the workpiece 20. Similarly, the drill spindle module 152 may be activated to ready the 
drill member 160 for engagement with the workpiece 20. As the drive unit 154 continues to 
drive the drive platform 172 toward the base member 170, the drill member 160 is driven 
into the workpiece 20, performing the desired manufacturing operation on the workpiece 20. 
After the manufacturing operation is performed, the controller 130 may transmit appropriate 
control signals to the servo motor 178 to rotate the ball screws 176 in the opposite direction, 
thereby drawing the drive platform 172 away from the base member 170 and withdrawing 
the drill spindle module 152 from the workpiece 20. The carriage assembly 120 may then be 
repositioned at a new location, and the process repeated as desired. 

Manufacturing assemblies having servo-controlled tool assemblies in accordance with 
the teachings of the present invention may advantageously improve the quality and efficiency 
of manufacturing operations on a workpiece. For example, the servo-controlled tool 
assembly 150 in accordance with the present invention provides an extremely lightweight 
manufacturing apparatus. Specifically, because the tool assembly 150 combines a field 
assembly 166 that may include one or more rare earth magnets with the armature windings 
158 on the motor shaft 156 to provide a brushless motor, the tool assembly 150 may be 
considerably lighter than prior art, pneumatically-driven tool assemblies. Additional weight 
savings are achieved by providing the motor shaft 156 that incorporates the drill holding 
collet 162, and that includes the internal lubricant channel 157. Furthermore, all of the 
components of the drill spindle module 152, including the frameless motor, are provided on 
one shaft and share one set of rotary bearings. Thus, servo-controlled tool assemblies in 



172. 



IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIOI 



-9- 



Black Lowe & Graham 



PLLC 



BING-M006AP 



25315 



816 Second Avenue 
Seattle, Washington 98104 
206.381.3300 • F: 206.381.3301 



PATENT TRADEMARK OFFICE 



accordance with the teachings of the present invention may be substantially lighter than prior 
art tool assemblies, providing improved controllability and accuracy during manufacturing 
operations. Also, because the tool assemblies are more lightweight, the setup and tear-down 
of the manufacturing assembly 100 may be simplified, and the efficiency and throughput of 
5 the manufacturing operations may be improved. 

Furthermore, because the feed rate of the drive unit 154 may be precisely controlled 
via the servo motor 178, the servo-controlled tool assembly 150 may provide improved 
performance over prior art tool assemblies. For example, by monitoring the rotational speed 
of the motor shaft 156 via the speed encoder 168, the controller 130 may transmit appropriate 

10 control signals to the servo motor 178 (or to the drill spindle module 152) to provide a 
desired relationship between the rotational speed of the shaft and the feed rate of the drill 
spindle module 152. In one embodiment, for example, the controller 130 may carefully 
control the feed rate and/or the rotational speed of the drill spindle module 152 to provide a 
maximum drilling rate into the workpiece. Alternately, the controller 130 may control the 

15 tool assembly to maintain a desired workload on the drill spindle module 152, or to provide 
the highest quality drilling operation. The enhanced controllability of the servo-controlled 
tool assembly 150 may be particularly effective in cases where the physical characteristics of 
the workpiece 20 are variable, such as for a workpiece 20 that includes a plurality of layers of 
different materials having differing hardness values. In this case, the controller 10 may 

20 quickly and efficiently adjust the feed rate provided by the servo motor 178 to maintain the 
desired drilling speed of the drill spindle module 152. Thus, using servo-controlled tool 
assemblies in accordance with the present invention, both the drill speed and the feed rate 
may be precisely controlled to provide optimal performance and to improve manufacturing 
throughput. 

25 It may be appreciated that a variety of alternate embodiments of apparatus and 

methods may be conceived in accordance with the present invention, and that the invention is 
not limited to the particular apparatus and methods described above and shown in the 
accompanying figures. For example, it may be noted that the carriage assembly 120 and the 
track assembly 110 may assume a wide variety of alternate embodiments, including, for 

30 example, the rail and carriage assemblies taught by U.S. Patent No. 4,850,763 issued to Jack 
et al, and any of the carriage assemblies and track assemblies disclosed in co-pending, 
commonly owned U.S. Patent Application No. 10/016,524, which application is incorporated 
herein by reference. 



35 be replaced with a wide variety of manufacturing tools to perform any desired manufacturing 



It may also be noted that in alternate embodiments, the drill spindle module 152 may 
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operation on the workpiece 20. In alternate embodiments, for example, the drill spindle 
module 152 may be replaced with one or more riveters, mechanical and electromagnetic dent 
pullers, welders, wrenches, clamps, Sanders, nailers, screw guns, routers, degreasers, 
washers, etchers, deburring tools, lasers, tape applicators, or virtually any other desired type 
5 of manufacturing tools or measuring instruments. 

Thus, while specific embodiments of the invention have been illustrated and 
described herein, as noted above, many changes can be made without departing from the 
spirit and scope of the invention. Accordingly, the scope of the invention should not be 
limited by the disclosure of the specific embodiments set forth above. Instead, the invention 
1 0 should be determined entirely by reference to the claims that follow. 
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